The final steps of cell-wall biosynthesis in bacteria are carried out by penicillin-binding proteins (PBPs), whose transpeptidase domains form the cross-links in peptidoglycan chains that define the bacterial cell wall. These enzymes are the targets of ␤-lactam antibiotics, as their inhibition reduces the structural integrity of the cell wall. Bacterial resistance to antibiotics is a rapidly growing concern; however, the structural underpinnings of PBP-derived antibiotic resistance are poorly understood. PBP4 and PBP5 are low-affinity, class B transpeptidases that confer antibiotic resistance to Enterococcus faecalis and Enterococcus faecium, respectively. Here, we report the crystal structures of PBP4 (1.8 Å) and PBP5 (2.7 Å) in their apo and acyl-enzyme complexes with the ␤-lactams benzylpenicillin, imipenem, and ceftaroline. We found that, although these three ␤-lactams adopt geometries similar to those observed in other class B PBP structures, there are small, but significant, differences that likely decrease antibiotic efficacy. Further, we also discovered that the N-terminal domain extensions in this class of PBPs undergo large rigid-body rotations without impacting the structure of the catalytic transpeptidase domain. Together, our findings are defining the subtle functional and structural differences in the Enterococcus PBPs that allow them to support transpeptidase activity while also conferring bacterial resistance to antibiotics that function as substrate mimics.
sized to mediate protein interactions, and a C-terminal transpeptidase (TPase) domain.
Reduced susceptibility to ␤-lactam antibiotics in enterococci results from the expression of a single low-affinity class B PBP designated PBP4 in E. faecalis and PBP5 in E. faecium (6, 7) . This low-affinity subgroup also includes PBP2a from S. aureus, an acquired PBP that confers resistance to many ␤-lactams (anti-staphylococcal penicillins, most cephalosporins, and carbapenems) (8) . The PBP active site is located in the TPase domain and is defined by three conserved motifs: motif I, which includes the catalytic serine (SXXK; 424 STFK 427 / 422 STFK 425 for PBP4/PBP5); motif II, which is involved in the protonation of the ␤-lactam leaving group ((S/Y)XN; 482 SDN 484 / 480 SDN 482 ); and motif III, which facilitates substrate binding and defines the oxyanion hole (K(T/S)GT; 619 KTGT 622 / 617 KTGT 620 ) ( Fig. 1 ) (9) . The nucleophilic serine (Ser-424/Ser-422 for PBP4/PBP5) is located at the N terminus of helix ␣2, whereas the oxyanion hole is defined by the backbone nitrogen atoms of the nucleophilic serine and the motif III threonine (Thr-622/Thr-620). These motifs are bordered above by the "lid" (amino acids 445-473/443-471 for PBP4/PBP5) and below by the C-terminal helix (amino acids 657-680/655-678), which together enclose the active site in a deep cleft.
In class B PBP transpeptidases, the catalytic serine attacks the carbonyl of the penultimate D-Ala residue of a "donor" stem peptide, releasing the C-terminal D-Ala and forming a covalent acyl-enzyme adduct with the donor peptide. In a second step, the carbonyl of D-Ala adduct undergoes nucleophilic attack from a primary amine located at the extremity of a side chain of an acceptor stem peptide (9) . This creates a bridge between the peptides and, in turn, links the glycan strands to one another. ␤-Lactams (penicillins, carbapenems, monobactams, and cephalosporins) mimic the D-Ala-D-Ala sequence in the donor substrate and function as suicide inhibitors. Since their discovery as the targets of ␤-lactam antibiotics, PBPs have been the subject of intense research, especially regarding their role in the resistance to ␤-lactams of both S. aureus and enterococci (6 -8) .
Because these PBPs have unusually low affinities for ␤-lactams, the ␤-lactam acylation rates are negligible compared with bacterial generation times, allowing the pathogens to survive antibiotic treatment. Of greater concern is the observation that prolonged ␤-lactam therapy can lead to the emergence of highly resistant strains. In E. faecium, high-level resistance cor-relates with mutations in the PBP5 catalytic domain that fur-therweakenaffinitiesfor␤-lactams (10) .Whereaselevatedresistance in E. faecalis strains is more rare, it can emerge after prolonged ␤-lactam treatments, often due to mutations in PBP4 (11) .
Despite their clear biological and translational importance, only a handful of publications have reported fundamental molecular insights into E. faecalis PBP4 (11) or E. faecium PBP5 (12) activity, structure, and function, thereby limiting progress in the field for nearly 2 decades. Here, we determined the structures of PBP4 and PBP5 both alone and bound to multiple antibiotics. Our structures reveal that, like PBP2a from S. aureus (13) , the catalytic serine changes conformation upon acylation for a subset of ␤-lactams. Moreover, unexpectedly, our structures reveal that N-terminal domains of these enzymes undergo unprecedented conformational changes without impacting the structure of the catalytic pocket. Together, our studies are beginning to define the subtle functional and structural differences in the enterococci PBPs that allow them to both support transpeptidase activity while also being resistant to antibiotics that function as substrate mimics.
Results

PBP4 is a critical locus responsible for reduced ␤-lactam susceptibility in E. faecalis
Prior studies describing deletion of pbp5 from the E. faecium genome and pbp4 from the E. faecalis genome have implicated PBP5 and PBP4 as important loci responsible for reduced penicillin susceptibility and cephalosporin resistance in clinical enterococcal strains (14, 15) . Complementation studies in E. faecium have confirmed the involvement of PBP5 in resistance and detailed the role of different amino acid substitutions in higher levels of resistance (Table S1) (10) . Here, we performed similar complementation experiments in E. faecalis with pbp4 expressed from the shuttle plasmid pBSU101 (16) in the pbp4-deletion mutant JH2-2⌬pbp4 ( Fig. 2) (14) . Deletion of pbp4 from E. faecalis JH2-2 resulted in an increased sensitivity to five different ␤-lactam antibiotics ( Table 1) . The most striking increase in ␤-lactam sensitivity (measured as a reduction in MIC) was observed for ceftriaxone, whose MIC was reduced from Ͼ100 to 0.39 g/ml. Ceftaroline also showed a substantial reduction, from 3.13 to Ͻ0.098 g/ml. MICs for ampicillin, penicillin, and imipenem were less affected, reflecting the intrinsic activity of these agents against PBP4. Furthermore, reintroduction of pbp4 on a plasmid was associated with a return of resistance. Ampicillin, penicillin, and imipenem were somewhat less active than in JH2-2, presumably reflecting a 19.8-fold increase in expression from the plasmid compared with its chromosomal expression in JH2-2 ( Fig. 2) . Together, the data show that pbp4 is a critical locus responsible for reduced ␤-lactam susceptibility in E. faecalis.
PBP4 from E. faecalis adopts a structure similar to PBP5 from E. faecium
We used X-ray crystallography to determine the structures of PBP4 (E. faecalis PBP4(36 -680), which lacks the N-terminal membrane anchor; hereafter referred to as PBP4) and PBP5 (E. faecium PBP5(37-678), which also lacks the N-terminal 
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membrane anchor; hereafter referred to as PBP5) ( Table 2) . We obtained two different crystal forms of PBP5, which allowed us to determine the structures of PBP5 in two distinct conformations (open and closed) to resolutions of 2.7 and 2.9 Å, respectively ( Fig. 3A ). Strong electron density was observed for the entire sequence with the exception of three loops for the open conformation (140 -144, 246 -249, and 625-630). The structure of PBP4 was determined to 1.8 Å resolution. Strong electron density was observed for residues 172-680; interpretable electron density was not observed for the N1 domain and three short loops (Fig. 3B ). The structures show that both PBPs are composed of four distinct structural domains: two N-terminal domains (N1 and N2), a nonpenicillin-binding domain (nPB), and a C-terminal catalytic TPase domain, which contains the nucleophilic serine ( Fig. 3, A and B) . With the exception of the N2 domain, all domains are composed of residues that are not linear in sequence, giving rise to an extensively interconnected topology ( Fig. 3C ; residue numbers for PBP5: N1, 43-171/314 -339; N2, 192-258; nPB, 172-191/259 -313/340 -348/384 -409; TPase, 349 -383/410 -678).
The PBP identified to be most similar to PBP4 is PBP5 (determined using the DALI structural homology server (17) ; Z-score of 62.5; sequence identity of 60%), with the individual domains of both proteins superimposing with root mean square deviations (RMSDs) of 0.75-1.1 Å (Table S2 ). The largest differences are observed in the TPase domain (structural elements that brace one side of the active site are shifted by 1.5-2.0 Å in PBP4 due to the presence of a tyrosine in PBP4, Tyr-605, which, in PBP5, is a much smaller threonine residue, Thr-603) (Fig. S1B) . The next most similar PBP is PBP2a from S. aureus (hereafter referred to as PBP2a (13) ; Z-scores of 49.3 and 51.0 and sequence identities of 41 and 38% for PBP4 and PBP5 versus PBP2a, respectively). The PBP2a TPase domain aligns with those of PBP4 and PBP5 with Ͼ2.0-Å RMSD. Together, these proteins represent the defining members of the low-affinity, high-molecular-weight, class B PBPs.
The N1 and N2 domains are mobile, rotating as rigid bodies independently of the TPase domain
Overlaying the three members of this family (PBP4, PBP5 (open and closed), and PBP2a) on the TPase domain reveals that the N1 and N2 domains are mobile, adopting a wide range of conformations relative to the TPase domain. In particular, transforming the PBP5 closed to the PBP5 open state requires rotations of 44 and 39°by the N1 and N2 domains, respectively. This results in a widening of the N1-N2 cleft from 7 Å (closed) to 31 Å (open; Fig. 3A ). The mobile nature of the N1 domain was confirmed by our structure of PBP4. Namely, no interpretable electron density was observed for the PBP4 N1 domain, suggesting that it adopts multiple conformations in the crystal. The function of the N-terminal domains (N1 and N2) of the high-molecular-weight class B PBP family is still under debate, with some suggesting that they function as protein-protein interaction domains (18) and others suggesting that they function as molecular "spacers" (19) (i.e. sterically constraining the catalytic site to remain a certain distance from the cell membrane). We used the DALI structural homology server to identify the proteins that are most similar to the N1 and N2 domains, to gain insights into the potential function of these domains. The data showed that the N-terminal domains are differentially conserved within the larger PBP family. Whereas the N1 domain (PBP5) is only found in PBP2a (S. aureus; Z-score, 17.7 (13)), the N2 domain (PBP5 and PBP4) is found in PBP2a (S. aureus; Z-score, 10.0 (13)), PBP3 (P. aeruinosa; Z-score, 7.3 (20) ), and PBP1 (S. aureus; Z-score, 6.6). Unexpectedly, they were also shown to be structurally similar to proteins outside the PBP family. Namely, the N1 domain was identified 
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as being similar to ketosteroid isomerase domains (Z-score, 12.9; Fig. 4B ; PDB code 3D9R, yellow), whereas the N2 domain was identified as being similar to the ATP-dependent CLP protease adaptor protein CLPS2 (Z-score, 5.9; Fig. 4C ; PDB code 4YJM, beige (21)). These latter observations are consistent with the hypothesis that the class B PBP N-terminal domains function as protein interaction domains. The proteins that interact directly with the N1 and N2 domains from PBP4, PBP5, and PBP2a, if they exist, are still unknown.
Conformational changes associated with ␤-lactam acylation are localized to the catalytic site
Previous studies of methicillin-resistant PBP2a showed that PBP2a motif III (strand ␤3) is twisted relative to the methicillinsusceptible PBP2. This twist causes the carbonyl oxygen of the motif III Thr (the last "T" in the K(T/S)GT motif) to point toward the oxyanion hole. However, PBP2a ␤-lactam acylation causes the carbonyl to rotate out of the oxyanion hole and adopt a position identical to that observed in PBP2 (13) . These data suggested that the slow acylation rate of PBP2a may be due to this distorted conformation of ␤3.
Like PBP2a, the ␤-lactam resistance of PBP5 and PBP4 has also been shown to be due to the inefficient formation of the acyl-PBP intermediate. To understand the molecular basis of PBP4 and PBP5 resistance to ␤-lactams, we determined the structures of five distinct acyl-enzyme complexes, PBP4: benzylpenicillin, PBP4:imipenem, PBP4:ceftaroline, PBP5:benzylpenicillin, and PBP5:imipenem, representing three different ␤-lactam classes (penicillins, benzylpenicillin; carbapenems, imipenem; cephalosporins, ceftaroline). Examination of the active sites revealed strong density for all covalent acyl-enzyme adducts (Fig. 5 , A-C). As observed for PBP2a, superposition of the apo and ␤-lactambound structures revealed that acyladduct formation does not result in global conformational . The rotations of the N1 and N2 domains relative to the nBP/TPase domains, which result in a 24-Å opening of the cleft, are indicated, with the locations of the hinges shown as a dashed box. The location of catalytic Ser-422 is indicated by an arrow. The N-terminal TM helix is shown as a yellow cylinder. B, structure of E. faecalis PBP4 colored as in A. No interpretable electron density was observed for the N1 domain, presumably because it adopts multiple conformations; it is illustrated here as a cartoon. C, secondary structure (left) and topology map (right) of PBP5. Colors from the N-to-C terminus are indicated below the structure; a topology map of PBP5 is colored as in C. The location of the catalytic serine is indicated by an asterisk.
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changes in either PBP5 or PBP4 (the RMSDs between the apoand the drug-bound transpeptidase domains are between 0.31 and 0.53 Å (Table S3) ). Rather, the changes are localized to domain movements about the active site and changes in the structures of the active-site motifs. However, as described below, the changes are not identical between the free and ␤-lactambound structures. Instead, they depend upon the particular acyl-adduct formed. Finally, the differences observed between apo-PBP4 and ␤-lactam-acyl-PBP4 and between apo-PBP5 and ␤-lactam-acyl-PBP5 are essentially identical for benzylpenicillin and imipenem.
Penicillins: Benzylpenicillin acylation induces a rotation of the nucleophilic serine and a twist of strand ␤3
As expected, the benzylpenicillin forms a covalent adduct with PBP4 via its catalytic serine, Ser-424. The electron density is well-defined for the entire molecule ( Fig. 5A) , with the benzylpenicillin carbonyl oxygen pointing toward the oxyanion hole defined by the backbone nitrogen atoms of Ser-424 and Thr-622 (Fig. 5D ). The benzylpenicillin is further stabilized by 1) polar contacts with both PBP4 backbone atoms and the side chains of Ser-482, Asn-484, Lys-619, Thr-620, and Thr-622 and 2) the formation of intraprotein contacts between Lys-427 and Asn-484 and Ser-482.
The PBP4 apo and benzylpenicillin-acyl-PBP complex structures reveal that, like PBP2a, PBP4 has a distorted active site that undergoes both local and distributed conformational changes upon ␤-lactam acylation (Fig. 5E ). First, in apo-PBP4, the nucleophilic Ser-424 hydroxyl points down toward the oxyanion catalytic pocket. However, upon acylation with benzylpenicillin, the C␤-O␥ bond rotates by ϳ150°. As a consequence, O␥ moves by 1.3 Å, and, in the acylated complex, is now oriented away from the oxyanion hole. Although this conformational change differs from that observed for Ser-403 in PBP2a, which results in a shift but not a rotation of the nucleophilic hydroxyl, it does suggest that the serine side chain is not ideally positioned for nucleophilic attack in the apo conformation. Because the ␤-lactam carbonyl now points toward the oxyanion hole, it displaces the carbonyl of Thr-622, which rotates out of the hole and upward toward the bound ␤-lactam moiety (Fig. 5E ). This rotation of strand ␤3 results in the formation of two additional hydrogen bonds: 1) the first between the ␤-lactam carbonyl and the amide hydrogen of Thr-622 and 2) the second between the phenylacetamide nitrogen from benzylpenicillin and the Thr-620 side-chain hydroxyl. Finally, the Thr-618 side chain adopts a rotomer conformation that expands the active site to accommodate the ␤-lactam phenyl ring. The conformation of benzylpenicillin in the PBP4:benzylpenicillin complex is similar to other benzylpenicillin-bound PBP structures, with the exception that the phenylacetamidoyl group is observed in some structures to be rotated upward away from motif III. Finally, because the catalytic site of PBP4 is located in a deep, narrow cleft (Fig. 5E ), the structural elements that enclose the catalytic site open in order to accommodate benzylpenicillin acylation. This results in a displacement of the "lid" moiety by 1.9 Å for benzylpenicillin-acyl-PBP4 compared with its apo conformation (Fig. 5E ).
Carbapenems: Imipenem acylation does not alter the twist of strand ␤3
Imipenem also forms a covalent adduct with Ser-424, and its electron density is well-ordered for the entire molecule with the exception of its iminomethyl-amino tail (Fig. 5B) . Overall, imipenem binds PBP4 in a manner similar to that observed in the benzylpenicillin-acyl-PBP complex; however, there are also distinct differences. As observed in the benzylpenicillin-acyl-PBP4 complex, the side chain of Ser-424 rotates out of the oxyanion hole to form the acyl-enzyme adduct (Fig. 5F ). However, unlike in benzylpenicillin, where the ␤-lactam carbonyl points downward into the oxyanion hole, the imipenem carbonyl points upward, away from the oxyanion hole, where it hydrogenbonds with Lys-427 and Asn-484 ( Fig. 5F) . As a result, the carbonyl of motif III Thr-622 does not rotate out of the oxyanion hole, but instead retains the twisted conformation of ␤3 observed in the apo-state (Fig. 5G ). Additional polar contacts are observed between imipenem and the backbone and/or sidechain atoms of Ser-482, Thr-620, and Thr-622. The conformations of imipenem bound to PBP4 and PBP5 are identical to one another and other imipenem-transpeptidase complexes. The single exception is that the iminomethyl-amino-ethyl tail of imipenem adopts a wide range of conformations, an observation consistent with a lack of strong electron density for this 
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element. Finally, as observed for benzylpenicillin, both the lid and central ␤-sheet of PBP4 open to accommodate imipenem acylation. However, they do so to a far lesser extent than for benzylpenicillin, with the lid moving by only 0.7 Å (Fig. 5G) .
Cephalosporins: Ceftaroline acylation results in the widest opening of the catalytic cleft
We also determined the structure of the ceftaroline-acyl-PBP4 complex (Fig. 5C ). Although the related PBP2a complex has been proposed to bind two molecules of ceftaroline (one forming the acyl-enzyme complex and a second molecule binding at a putative allosteric site located between the N1 and nBP domains), we observed density for only a single ceftaroline molecule in PBP4. The ceftaroline carbonyl oxygen points toward the oxyanion hole defined by the backbone nitrogen atoms of Ser-424 and Thr-622 ( Fig. 5H ). Ceftaroline is further stabilized by multiple polar interactions with the side chains of Ser-482, Asn-484, Lys-619, and Thr-620 and the backbone atoms of Gly-541 and Thr-622 and intraprotein polar interactions between Lys-427, Ser-482, Asn-484, and Lys-619.
The changes in PBP4-associated ceftaroline-acyl-PBP4 adduct formation are more similar to those observed with benzylpenicillin than with imipenem. First, as observed for both benzylpenicillin and imipenem, ceftaroline acylation results in a rotation of the nucleophilic serine upward away from the oxyanion hole (Fig. 5I) . However, as observed for benzylpenicillin, acylation of PBP4 by ceftaroline displaces the Thr-622 carbonyl out of the oxyanion hole, causing strand ␤3 to twist outward. 
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This new orientation of the Thr-622 carbonyl is stabilized by a hydrogen bond with ceftaroline. An identical polar interaction is present in the penG-acyl-PBP4 complex between the phenylacetamide nitrogen from benzylpenicillin and the Thr-622 carbonyl. In contrast, imipenem lacks a nitrogen in the corresponding position, explaining why the imipenem-acyl-PBP complex does not result in a rotation of strand ␤3. Finally, adduct formation with ceftaroline results in the greatest opening of the catalytic cleft, with the lid and central ␤-sheet both moving by ϳ2.7 Å to accommodate ceftaroline binding (Fig.  5I ).
␤-Lactam acylation does not increase PBP4 and PBP5 thermal stability
To determine whether ␤-lactam acylation increases PBP4 and PBP5 stability, we used differential scanning fluorimetry (DSF). We first compared the melting temperature (T m ) values of free PBP4 and PBP5. The DSF data show that they unfold at similar temperatures, with T m of 54.4 and 53.2°C for PBP4 and PBP5, respectively ( Table 3 ). We then incubated both PBPs with either benzylpenicillin, imipenem, or ceftaroline for either 1 or 12 h and repeated the DSF measurements. The data show that all three ␤-lactams alter the PBP T m values and do so in a manner that depends on both the ␤-lactam and the PBP protein. First, imipenem modestly increases the T m values of both PBP4 and PBP5, with the largest increase observed for PBP4 incubated for 12 h (⌬T m ϩ1.8°C), suggesting that it slightly stabilizes the conformation of both PBPs. In contrast, whereas benzylpenicillin results in an increase in the PBP5 T m (up to T m ϩ1.8°C at a 12-h incubation), it decreases the T m for PBP4 (Ϫ0.8°C for the 1-h incubation). This suggests that acylation by benzylpenicillin slightly increases the stability of PBP5 while having the opposite effect on PBP4. The largest differences in T m values between the apo and acylated PBPs were observed with ceftaroline (between Ϫ2.0 and 4.2°C). Further, whereas ceftaroline destabilized PBP4 (⌬T m Ϫ3.7°C for a 1-h incubation), it stabilized PBP5 (⌬T m ϩ4.2°C for a 12-h incubation). Taken together, the data show that both benzylpenicillin and imipenem have measurable but modest effects on the T m values of both PBP4 and PBP5, whereas ceftaroline has much larger effects, consistent with the larger conformational changes observed between PBP4 and the ceftaroline-acyl-PBP4 adduct.
Discussion
PBP4, PBP5, and PBP2a are the defining members of the low-affinity high-molecular-weight class B PBPs (22) . The availability of the three-dimensional structures of all three PBPs in multiple states provides a unique opportunity to define the structural and functional similarities and differences within this family and how this impacts their ability to be inhibited by ␤-lactams. As observed for other PBPs (13, 23, 24) , ␤-lactam binding to PBP4 and PBP5 does not lead to extensive conformational changes. Rather, the changes are exclusively localized to and around the catalytic pocket. The conformations observed both in the apo-and ␤-lactambound states are similar for all members of the low-affinity class B high-molecularweight PBPs (i.e. PBP4, PBP5, and PBP2a) (13) (this work). Namely, as observed for apo-PBP2a (13) , the catalytic serines of PBP4 and PBP5 are not ideally positioned for nucleophilic attack. Further, strand ␤3 is twisted toward the catalytic pocket, with the PBP4 Thr-622 carbonyl (PBP5, Thr-620) pointing toward the oxyanion hole. As observed for PBP2a upon acylation with nitrocefin, the catalytic serines of both PBP4 and PBP5 rotate upward upon acylation with benzylpenicillin (PBP4/PBP5) or ceftaroline (PBP4), whereas strand ␤3 rotates upward and displaces the PBP4 Thr-622 (PBP5 Thr-620) carbonyl out of the oxyanion hole. However, this is only observed for a subset of ␤-lactams, as it is not observed when either PBP4 or PBP5 are acylated with imipenem. Although the unusual twisted conformation of strand ␤3 (and its rotation upon acylation with a subset of ␤-lactams) was originally identified in PBP2a, and now in PBP4 and PBP5, it has also been identified in other PBPs, including PBPa from Mycobacterium tuberculosis (23) and PBP2x from Streptococcus pneumoniae (24) . Further, the observation in PBP4 and PBP5 that the rotation of strand ␤3 upon ␤-lactam acylation depends on the nature of the ␤-lactam also holds true for PBPa (23) . Namely, in PBPa, strand ␤3 also rotates upon acylation with benzylpenicillin but remains in a twisted conformation upon acylation with imipenem (i.e. identical to what we observed for PBP4 and PBP5).
The second major conformational change associated with ␤-lactam acylation is the widening of the catalytic cleft that accommodates ␤-lactams and substrates. PBP4 and PBP5, in particular, are characterized by an unusually deep catalytic pocket that is bounded by multiple structural elements, which includes a lid that braces the top of the catalytic pocket. This lid must open in order for ␤-lactams (and substrates) to access the catalytic serine. Once acylated, these elements maintain a more open conformation (between 0.7 and 2.7 Å) due to the presence of the ␤-lactam. This widening of the catalytic cleft is routinely observed in PBPs whose structures have been determined with and without ␤-lactam acylation.
Notably, kinetic and structural studies have suggested that one member of this family, PBP2a, contains an allosteric pocket at the N1-nBP junction that, when occupied, biases the conformation of the PBP2a active site toward a state that is more susceptible to ceftaroline acylation (25) , a model that is still controversial (26) . Our discovery that the N1 and N2 domains rotate independently of the TPase domain and do not alter the conformation of the catalytic site suggests that PBP4 and PBP5 
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may not be regulated by allostery. This is supported by our structures, which show that all ␤-lactams tested bind PBP4 and PBP5 with 1:1 stoichiometries, forming only acyl-enzyme complexes with the catalytic serine. Overlaying our PBP5 structures with that of PBP2a bound to the putative allosteric ceftaroline demonstrates that, both in the open and closed PBP5 conformations, the corresponding pocket is not present in these PBPs. This is because, in PBP5, the short nBP ␣-helix clashes with the PBP2a-bound allosteric ceftaroline molecule (the corresponding helix in PBP2a is in a different position). Further, the very few PBP2a residues that contact the noncovalently bound ceftaroline are not conserved in either PBP4 or PBP5. Together, these data suggest that PBP4 and PBP5 do not contain an allosteric binding pocket and instead bind ceftaroline in a 1:1 ratio. Finally, although modest conformational changes in the N-terminal domains have been observed in other PBPs, our structures demonstrate that the N1 and N2 domains in this family of proteins are highly mobile (Fig. 4) , despite their highly interconnected nature (Fig. 3C) . As an example, our PBP5 structures show that rotations of only 45°result in an opening of the N1-N2 cleft by more than 24 Å. Importantly, these structures also show that these rotations occur without altering the conformation the domains themselves (i.e. the domains rotate as rigid bodies (the nBP and TPase domains of the open and closed states superimpose on one another with RMSD values Ͻ 0.25 Å)). As a consequence, the structure of the catalytic site is unchanged between the two conformations. To our knowledge, this is the first time such large conformational changes have been observed in this family of PBPs. One consequence of this interdomain mobility is that the distance between the catalytic site and the cell membrane can change. For example, overlaying PBP2a onto PBP5 via their N1 domains shows that whereas the PBP5 active site is 65 Å away from the cell membrane, the PBP2a active site is 30 Å further, 95 Å away from the cell membrane ( Fig. S2) . Thus, although the function of PBP domain mobility is currently unknown, it is possible that these motions, via a mechanism yet to be discovered, facilitate the building of the cell wall.
Experimental procedures
Complementation of pbp4 in E. faecalis pbp4-deletion mutant JH2-2⌬pbp4
pbp4 was amplified from E. faecalis JH2-2 (including the 200 bp upstream of the structural gene; native promoter) and ligated to pBSU101 after removal of the pBSU101 native promoter and gfp gene. This plasmid was then introduced by electroporation into Escherichia coli DH10B. Successful transformation was confirmed by plasmid extraction and restriction digestion, along with PCR amplification and sequencing of pbp4 within the plasmid. The final plasmid (pRIH304) was then transformed into E. faecalis JH2-2⌬pbp4 by electroporation (spectinomycin selection; 125 g/ml). Expression of PBP4 was confirmed by Western blotting using a polyclonal anti-PBP4 antibody as described previously (Fig. 2) (11) .
Cloning and expression of PBP4 and PBP5
E. faecalis PBP4(36 -680) and E. faecium PBP5(37-678), which lack the N-terminal transmembrane domains, were sub-cloned into the pRP1b expression vector (27) encoding an N-terminal His 6 tag and a tobacco etch virus cleavage site and expressed in E. coli BL21 (DE3) cells. Cells were grown in Luria broth in the presence of selective antibiotics at 37°C up to A 600 of 0.8 -1.0, and expression was induced by the addition of isopropyl-␤-D-1-thiogalactopyranoside (1.0 and 0.5 mM for PBP4 and PBP5, respectively). Proteins were expressed for ϳ18 h at 18°C prior to harvesting by centrifugation at 8,000 ϫ g for 15 min at 4°C. Bacterial pellets were used immediately or stored at Ϫ80°C. For purification, cell pellets were resuspended in lysis buffer (50 mM Tris, pH 8.5, 500 mM NaCl, 5 mM imidazole, 0.1% Triton X-100) and lysed using high-pressure homogenization (Avestin EmulsiFlex C3). The cell lysate was centrifuged at 42,500 ϫ g for 55 min at 4°C. The clarified supernatant was loaded onto a pre-equilibrated HisTrap HP column (GE Healthcare) and eluted using an imidazole gradient. The fractions containing the PBP (PBP4 or PBP5) were pooled and dialyzed for 48 h at 4°C with tobacco etch virus protease to remove the N-terminal His 6 tag. A second nickel-nitrilotriacetic acid purification step was used to remove the cleaved His 6 tag, any remaining uncleaved protein, and the His 6 -tagged protease. The cleaved PBP4 and PBP5 were then dialyzed for 3 h at 20°C against 10 mM Tris, pH 8.0, 1.5 M (NH 4 ) 2 SO 4 , after which they were loaded onto a pre-equilibrated HiTrap Phenyl HP hydrophobic interaction column (GE Healthcare). Fractions containing the PBP were pooled, dialyzed against size-exclusion chromatography (SEC) buffer (10 mM Tris, pH 8.5, and 300 mM NaCl (PBP4) or 800 mM NaCl (PBP5)) for 3 h at 20°C and purified by SEC (Superdex 200 26/60; GE Healthcare). The resulting monomeric peaks were pooled and concentrated to 12 mg/ml (PBP4) or 15 mg/ml (PBP5).
Crystallization
PBP4 -Purified PBP4 crystallized in 40 mM KH 2 PO 4 , pH 3.25, 16% PEG 8000, 20% glycerol, 10 mM TCEP (vapor diffusion). PBP4-acylated complexes with benzylpenicillin, imipenem, and ceftaroline were obtained by soaking PBP4 crystals with a 40-fold molar excess of the ␤-lactam for 45 min (benzylpenicillin) or 1 h (imipenem/ceftaroline). Crystals used for soaking were grown in the same conditions used for apo-PBP4 with the exception that the TCEP was eliminated, and, for the benzylpenicillin-acyl-PBP4 complex, the crystals were grown in 24% glycerol. PBP4 apo and complex crystals were harvested directly from the well and immediately flash-frozen in liquid nitrogen.
PBP5, open state-The open state of PBP5 crystallized in 0.1 M trisodium citrate, pH 5.5, 2.0 M ammonium sulfate (vapor diffusion). The penicillin-acyl-PBP5 complex was obtained using co-crystallization using the same conditions, but also including a 20-fold molar excess of benzylpenicillin. The impenem-acyl-PBP5 complex was obtained by soaking PBP5 crystals in crystallization buffer supplemented with a 20-fold molar excess of imipenem for 12 h. PBP5 apo and ␤-lactam-acylated complexes were cryoprotected using 5.0 M ammonium sulfate, after which they were immediately flash-frozen in liquid nitrogen.
PBP5, closed state-Crystals were obtained using the acoustic droplet ejection robot (28) at National Synchrotron Light Source II in 100 mM BisTris, pH 6.5, 7.5% (w/v) PEG 3350, 7.5%
